INTRODUCTION {#sec1-1}
============

Hypertension is an important cause of cardiovascular disease that increases the rates of morbidity and mortality.\[[@ref1]\] Mechanisms of hypertension are uncertain and this suggests that several factors are involved. One of the important systems that activate hypertension is the renin-angiotensin system (RAS). Angiotensin II (Ang II) is a principal effector of this system.\[[@ref2]\] The role of RAS in cardiovascular regulation is well-known.\[[@ref3][@ref4]\] Both the central and peripheral effects of RAS on the cardiovascular system have been shown.\[[@ref5][@ref6]\] The effect of the RAS system, especially Ang II, on the central cardiovascular regulation, has been shown. All components of the RAS, especially Ang II and its receptors widely distributed in the central area involved in cardiovascular regulation such as, the rostral ventrolateral medulla (RVLM), nucleus tractus solitarius (NTS), and paraventricular nucleus (PVN).\[[@ref6][@ref7][@ref8][@ref9][@ref10]\] The RAS also plays a critical role in the pathogenesis of several models of hypertension including DOCA-salt hypertension.\[[@ref2][@ref11]\] The DOCA-salt hypertension is a common model of hypertension, with several changes in the hormonal and neural activity, such as, increased Ang II activity, endothelin-1 (ET-1), vasopressin secretion, sympathetic activity, and a distorted baroreflex response.\[[@ref11][@ref12][@ref13]\]

The epidemiological evidence suggests a role for sex-dependent mechanisms in the pathophysiology of hypertension. For example, the severity of hypertension has been shown to be lower in women than in men.\[[@ref14]\] Numerous studies have reported that in blood pressure, estrogen (Est) is the main factor for sex difference.\[[@ref15][@ref16][@ref17]\] Both the beneficial peripheral and central effects of Est on the cardiovascular system have been shown in several studies.\[[@ref18]\] Its important peripheral cardiovascular effects are: Vasodilatation by increased endothelial production of nitric oxide,\[[@ref19]\] inhibition of vascular smooth muscle cell proliferation,\[[@ref20]\] prevention of oxidative stress, and decreased atherosclerosis.\[[@ref21]\] The central cardiovascular effects of Est are mostly mediated by its effect on the central cardiovascular areas such as NTS and RVLM.\[[@ref22][@ref23][@ref24]\]

Estrogen also has cardiovascular protective effects on DOCA-salt hypertension.\[[@ref25]\] The mechanism of Est in DOCA-salt hypertension is not clarified, but it is suggested that it is mediated by the modulatory effect of Est on several parameters including RAS.\[[@ref26]\] The effect of Est may also be mediated by decreased ET-1 and increased nitric oxide.\[[@ref25][@ref27]\] Shenoy *et al*. also showed that Est replacement significantly inhibits the interstitial fibrosis and cardiac hypertrophy induced by DOCA-salt hypertension.\[[@ref26]\]

The effects of both Ang II and Est in the regulation of blood pressure are important. Several studies have shown that the effects of these agents on blood pressure are opposite and an interaction between Ang II and Est in the regulation of blood pressure in normotensive and hypertensive rats has also been reported.\[[@ref28]\] For example, estrogen inhibits the activation of postrema neurons in the area by Ang II.\[[@ref29]\] In addition, Est decreases blood pressure in Ang II-induced hypertension.\[[@ref14]\] Although, the effect of Est on the pressor effect of Ang II in several animal hypertension models has been examined, the central interaction of Est and Ang II on blood pressure in DOCA-salt hypertension has not been investigated. Therefore, in the present study, the effects of central Ang II and Est on blood pressure in both Ovariectomy (Ovx) and Sham DOCA-salt treated rats have been evaluated and it has been determined whether Ang II and Est have a central interaction in this model of hypertension.

MATERIALS AND METHODS {#sec1-2}
=====================

Animals and drugs {#sec2-1}
-----------------

Female Wistar rats, eight weeks old (240 ± 10 g) were used. The animals were housed in numbers of four to five per standard cage, at room temperature (24 ± 1°C) on a 12 hour light/dark cycle. Food and water were available *ad libitum*. Animal handling and all related procedures were approved by the Mashhad Medical University Committee on Animal Research. Ang II (Sigma, USA), Ketamine (Daru-Pakhsh Pharmaceutical Mfg Co, Iran), and Estrogen (Temad Ltd., Tehran, Iran) were used in this experiment.

Groups and desoxycorticostron acetate-salt model {#sec2-2}
------------------------------------------------

The animal groups were: (Groups 1 and 2) Sham and Ovariectomy (Ovx); (Groups 3 and 4) Sham-Desoxycorticostron (DOCA), Ovx-DOCA; Groups (5 and 6) Sham-DOCA-Est (E), Ovx-DOCA-E; (Groups 7 and 8) Sham-DOCA losartan (L), Ovx-DOCA-L; (Groups 9 and 10) Sham-DOCA-L-E and Ovx-DOCA-L-E.

The animals were ovariectomized under ketamine anesthesia (150 mg/kg and xylazine 0.1 mg/kg i.p).\[[@ref30][@ref31]\] The abdomens were exposed and the ovaries and ovarian fats were removed. The same procedure was performed on Sham rats except that the wound was closed without removing the ovaries.\[[@ref25]\] After surgery, the rats were given i.p 300,000 units of procaine penicillin G, to prevent infection. Treatment by DOCA was performed by removal of one kidney, injection of DOCA (45 mg/kg i.p), and adding of NaCl (1%) and KCl (0.1%) in drinking tap water. The animals were allowed seven days to recover from surgery.\[[@ref32]\] The Est groups received estradiol valerate (2 mg/kg; s.c/four weeks).

Blood pressure recording and intracerebroventricular injection {#sec2-3}
--------------------------------------------------------------

After four weeks, for systolic blood pressure (SBP) recording, the animals were anesthetized with urethane (1.2 g/kg, i.p),\[[@ref33]\] the left femoral artery was cannulated by a polyethylene tube, and an arterial catheter was connected to a blood pressure transducer and power laboratory system (AD instrument), after which the SBP was recorded.\[[@ref34][@ref35]\] For the intracerebroventricular (i.c.v) injection of Ang II, the animals were placed in a stereotaxic instrument (Stolting Instruments, USA). Stainless steel, 23-gauge guide cannulas were implanted 0.6 mm above the left lateral cerebral ventricle. Sterotaxic coordinates were selected according to the rat brain atlas of Paxinos and Watson (0.9 mm posterior to the bregma, lateral + 1.6 mm lateral to the sagittal suture, and 3 mm from the top of skull).\[[@ref36][@ref37]\] The cannulas were fixed with dental acrylic cement and anchored by two screws placed in the skull. A stylet (26-gauge stainless steel) was placed into the guide cannula to allow the guide cannula to maintain patency.\[[@ref36][@ref37]\]

After stabilization of SBP, for i.c.v injections of Ang II, an injection needle (26-gauge) was inserted into the guide cannula. The tip of the injection needle was 1 mm longer than guide cannula. The injection needle was attached to a 10-µl Hamilton syringe by a polyethylene tube. After recording of the baseline systolic blood pressure (SBP), saline and various doses of Ang II (0.5, 5, 50, 500, 5000 ng/5µl) were injected and the SBP measured 15 minutes after each injection.\[[@ref38]\] In the losartan groups, 200 µg losartan was injected 15 minutes after the Ang II injection and the blood pressure was followed 45 minutes after each injection. The volume of the i.c.v injection was 5 µl in all groups.

Histology {#sec2-4}
---------

Immediately after the tests, 2 µl of methylene blue was injected into the lateral ventricle, and then the rats were anesthetized with a high dose of urethane and the brains transcardially perfuse with 100 ml of saline, followed by 100 ml of formalin (10%). Then the brains were removed and placed in formalin (10%). After three days, the brains were sliced into 60 µm thin slices. Data from the rats with incorrect placement were excluded from the analysis.\[[@ref30][@ref31][@ref36][@ref37]\]

Data analyses {#sec2-5}
-------------

All data were expressed as means ± SEM. The systolic blood pressure was recorded and compared using two-way analysis of variance (ANOVA), followed by a *post hoc* test. The criterion for statistical significance was *P* \< 0.05.

RESULTS {#sec1-3}
=======

Baseline systolic blood pressure before injection of Ang II in the experimental groups {#sec2-6}
--------------------------------------------------------------------------------------

Baseline systolic blood pressure in Sham, Sham-DOCA, Ovx, Ovx-DOCA, Sham-DOCA-E, and Ovx DOCA E groups is shown in [Table 1](#T1){ref-type="table"}. As shown, although the basal SBP in the Ovx group was higher than in the Sham group, it was not significant compared to the Sham group. The SBP in both the Sham and Ovx groups, treated by DOCA, was significantly higher than in the untreated groups (*P* \< 0.001 and *P* \< 0.05, respectively). Administration of Est significantly decreased SBP in the DOCA-treated groups (*P* \< 0.01). In addition, SBP in the Sham DOCA-E was lower than in the Ovx-DOCA-E group (*P* \< 0.05) \[Figures [1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}\].

###### 

Comparison of systolic blood pressure induced by i.c.v injection of various doses of Ang II in Sham, Ovx, Sham and Ovx treated by DOCA, Sham and Ovx groups that treated by DOCA and estrogen + losartan

![](ABR-5-78-g001)

![Comparison of systolic blood pressure (SBP) in Sham, Ovx, Sham-DOCA, and Ovx-DOCA groups Values are the mean ± S.E.M, n = 8, \*Compared to Sham, +Compared to Ovx, \*\*\**P* \< 0.001, ^+++^*P* \< 0.001](ABR-5-78-g002){#F1}

![Comparison of systolic blood pressure (SBP) in Sham- DOCA, Ovx-DOCA, Sham-DOCA-estrogen, and Ovx-DOCA-estrogen groups Values are the mean ± S.E.M. *n*=8, \*Compared to Sham-DOCA, +Compared to Ovx-DOCA, ^\#^Sham-DOCA-estrogen, \**P*\<0.05, ^+^*P*\<0.05, ^\#\#^*P*\<0.01](ABR-5-78-g003){#F2}

Effect of i.c.v injection of Ang II on systolic blood pressure in Sham DOCA rats treated with Estrogen and losartan {#sec2-7}
-------------------------------------------------------------------------------------------------------------------

As shown in [Figure 3](#F3){ref-type="fig"}, i.c.v injection of Ang II in various doses increased blood pressure in the Sham-DOCA group (*P* \< 0.05 to *P* \< 0.01). The effect of Ang II in Sham-DOCA-E and Sham-DOCA-L groups was lower than in the Sham-DOCA group (*P* \< 0.05 to *P* \< 0.01). In addition, the effect of Ang II on SBP in the Sham-DOCA E-L group was strongly attenuated, so it did not significantly compare to the Sham group.

![Effects of estrogen (Est, *n*=10), losartan (los, *n*=7) and Est + los (*n*=8) on systolic blood pressure (SBP) induced by i.c.v injection of various doses of Ang II in Sham DOCA salt-treated rats SBP significantly attenuated by estrogen and losartan Values are the mean ± S.E.M.\*Compared to Sham DOCA, ^\#^Compared to Sham DOCA-Est, \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001, ^\#^*P*\<0.05, ^\#\#^*P*\<0.01, ^\#\#\#^*P*\<0.001](ABR-5-78-g004){#F3}

Effect of i.c.v injection of Ang II on the systolic blood pressure of Ovx-DOCA rats treated with estrogen and losartan {#sec2-8}
----------------------------------------------------------------------------------------------------------------------

In this experiment injection of Ang II increased SBP in the Ovx-DOCA group, but in the Ovx-DOCA group treated with Est, the SBP was attenuated. Administration of losartan (Ovx-DOCA-L group) decreased the effect of Ang II on SBP in all doses (*P* \< 0.05 to *P* \< 0. 01). The effect of all doses of Ang II on the SBP in the Ovx- DOCA-E-L group that received both Est and losartan was also significantly lower than in the Ovx-DOCA (*P* \< 0.01 to *P* \< 0.001) and Ovx-DOCA-E groups (*P* \< 0.05 to *P* \< 0.01) \[[Figure 4](#F4){ref-type="fig"}\].

![Effects of estrogen (Est, *n*=10), losartan (los, *n*=8) and Est +los (*n*=11) on systolic blood pressure (SBP) induced by i.c.v injection of various doses of Ang II in Ovx DOCA salt-treated rats. SBP significantly attenuated by estrogen and losartan Values are the mean ± S.E.M.\*Compared to Ovx- DOCA, ^\#^Compared to Ovx DOCA-Est, \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001, ^\#^*P*\<0.05, ^\#\#^*P*\<0.01, ^\#\#\#^*P* \< 0.001](ABR-5-78-g005){#F4}

Comparison effect of i.c.v injection of Ang II on systolic blood pressure in the Ovx and Sham, Sham-DOCAand Ovx -DOCA groups that were treated with estrogen and losartan {#sec2-9}
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------

The SBP in the Sham-DOCA and Ovx-DOCA groups was higher than in the Sham and Ovx groups. Injection of various doses of Ang II increased SBP in the Sham-DOCA and Ovx-DOCA groups more than in the Sham and Ovx groups (*P* \< 0.05 to *P* \< 0.01). In groups that received both Est and losartan (Sham-DOCA-E-L and Ovx-DOCA-E-L groups), the effect of various doses of Ang II on SBP was decreased compared to the Sham-DOCA and Ovx-DOCA groups (*P* \< 0.01 to *P* \< 0.001). In addition, the effect of Ang II on SBP in the Sham-DOCA-E-L and Ovx-DOCA--E_L groups was not significant compared to the Sham and Ovx groups \[[Table 1](#T1){ref-type="table"}\].

DISCUSSION {#sec1-4}
==========

The results of the present study showed that the SBP in both Sham and Ovx DOCA salt--treated rats was significantly higher than in the Sham and Ovx groups. The pressor effect induced by DOCA treatment was attenuated by Est treatment. In addition, the pressor effect of the i.c.v injection of Ang II in the DOCA salt treatment groups was significantly attenuated in the Est-treated groups. The pressor effect of Ang II was also completely blocked when the DOCA salt--treated rats were co-treated with both losartan and Est.

Our findings are in agreement with the previous studies showing the cardiovascular protective effects of Est.\[[@ref17][@ref18][@ref39]\] It has been frequently reported that the removal of ovaries, the main source of circulating Est in females, facilitates the development of blood pressure.\[[@ref21][@ref40][@ref41][@ref42]\] The effects of Est on the cardiovascular system are complicated and are not completely elucidated, but suggest that they are mediated by the direct and indirect effects of this hormone on the peripheral vascular system and brain nuclei.\[[@ref43][@ref44]\]

Experimental evidence indicates that Est increases the transcription of nitric oxide synthase (NOS), the key enzyme regulating the production of nitric oxide (NO).\[[@ref45][@ref46]\] In addition, a further possible explanation is suggested by the antioxidant properties of Est, and therefore, endothelium-dependent vasodilatation through the negative effect of superoxide anions that the latter strongly inactivate in NO.\[[@ref47]\] Est also has an effect on blood pressure by modulating the central autonomic networks in the nuclei, such as, the nucleus solitary tract (NTS) and the rostroventrolateral medulla (RVLM) the important central areas in central cardiovascular regulation.\[[@ref48][@ref49]\]

As RAS activity can increase in DOCA salt hypertension,\[[@ref50][@ref51][@ref52]\] in this experiment, we have evaluated the role of Ang II on blood pressure in DOCA salt--treated rats. Our results show that i.c.v injection of Ang II in various doses increases SBP in Ovx and Sham DOCA salt--treated rats. However, this effect in the Ovx groups is higher. This result is consistent with a previous study that indicated increased sensitivity to Ang II in DOCA salt--treated rats.\[[@ref11]\] This pressor effect of Ang II is not completely blocked by losartan. Therefore, it is suggested that the central effect of Ang II in DOCA salt-treated rats is not merely mediated by the AT1 receptor. These results are partially opposite to the previous study, which shows that a pressor effect of Ang II is mediated by AT1. One possible reason for this effect is that in the previous studies the localized action of losartan has been evaluated. However, in this study, losartan has been injected by i.c.v and it is likely that losartan has not been completely distributed. Therefore, all discrete AT1 receptors in several nuclei have not been blocked.

We also examined the effect of Est on the pressor effect of the i.c.v injection of Ang II in DOCA salt--treated rat. Our result showed that Est in both the Ovx-DOCA and Sham-DOCA attenuated the pressor effect of Ang II. However, the effect of Est in the Sham DOCA was higher than in the Ovx-DOCA. This result was consistent with the previous study and showed the important protective role of Est on hypertension. The effect of Est on blood pressure and its interaction with RAS in the control of blood pressure has been reported in numerous studies.\[[@ref28][@ref53][@ref54]\]

On the basis of these results Est has an important protective effect on the pressor effect of Ang II. It has been reported that Ovx female rats treated with estradiol show 30--40% reduction in the AT1 receptor of the pituitary than the Ovx and control animals.\[[@ref53]\] The effect of Est on the pressor induced by central Ang II has not been clarified, however, it has been suggested that it is mediated by several mechanism(s). There is evidence that the reactive oxygen species (ROS) increases in the DOCA salt--treated hypertension model.\[[@ref55]\] As ROS production is increased by Ang II and decreased by Est,\[[@ref56]\] therefore, it is suggested that an interaction effect of Est and Ang II mediate via an interaction in ROS production.

In chronic Ang II-infusion hypertension model, Ang II causes increased sympathetic activity\[[@ref57]\] and this effect of Ang II has been decreased by Est treatment.\[[@ref29][@ref30]\] Because in DOCA salt hypertension also sympathetic activity increased by Ang II, another possible effect of Est is interacting with Ang II in modulation of sympathetic activity evoked by DOCA- salt hypertension.

There is also evidence that baroreflex sensitivity (BRS) in DOCA-salt hypertension is suppressed.\[[@ref58]\] Because BRS reduced by Ang II and facilitate by estrogen,\[[@ref24]\] we suggest that effect of Est on the pressor of Ang II in DOCA-salt is mediated by the interaction of these agents on BRS. However, further study is needed to clarify this effect.

In conclusion, our results show an important inhibitory effect of Est on the pressor effect of central Ang II in DOCA salt--treated rats. We suggest that there are probably interaction(s) between Est and Ang II in the control of blood pressure in DOCA salt--treated rats.
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